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Abstract—As a supplement of the droop control, the 
concept of secondary controlled microgrid (MG) has been 
extensively studied for voltage and frequency restoration. 
However, the low band-width communication (LBC) 
channels are needed to exchange information between the 
primary and secondary controllers, and the performance of 
the secondary controller degrades due to the uncertain 
communication delay and data drop-out in the LBC lines. 
Recently, a washout filter-based power sharing method was 
presented without communication lines and additional 
control loops. In this paper, the equivalence between 
secondary control and washout filter-based power sharing 
strategy for islanded microgrid is demonstrated, and the 
generalized washout filter control scheme has been obtained. 
Additionally, the physical meaning of control parameters of 
secondary controllers is also presented. Besides, a complete 
small-signal model of the generalized washout filter-based 
control method for islanded MG system is built, which can 
be utilized to design the control parameters and analyze the 
stability of MG system. Finally, extensive simulation and 
experimental results are provided to confirm the validity 
and effectiveness of the derived equivalent control scheme 
for islanded MG.
Index Terms—microgrid, droop control, washout filter, 
communication delay, small-signal model, secondary 
control, band-pass filter (BPF), hardware-in-the-loop (HIL). 
Manuscript received February 07, 2016; revised August 02, 2016, and 
November 22, 2016; accepted December 30, 2016. This work was supported in 
part by the National Natural Science Foundation of China under Grant No. 
51307015, and in part by the State Key Laboratory of Power Transmission 
Equipment & System Security and New Technology under Grant No. 
2007DA10512713405, and in part by the Open Research Subject of Sichuan 
Province Key Laboratory of Power Electronics Energy-Saving Technologies & 
Equipment under Grant No. szjj2015-067, and in part by the Open Research 
Subject of Artificial Intelligence Key Laboratory of Sichuan Province under 
Grant No. 2015RZJ02, and in part by the Fundamental Research Funds of 
Central Universities of China under Grant No. ZYGX2015J087. Paper no. 
TSG-00183-2016. 
Y. Han and H. Li are with the Department of Power Electronics, School of 
Mechatronics Engineering, University of Electronic Science and Technology 
of China, No.2006, Xiyuan Avenue, West Hi-Tech Zone, Chengdu 611731, 
China (e-mail: hanyang@uestc.edu.cn; Li_Hong01@126.com). 
L. Xu is with the Sichuan Electric Power Research Institute, Sichuan Electric 
Power Company, Chengdu 610072, China (xulinn@163.com). 
X. Zhao and J. M. Guerrero are with Department of Energy Technology, 
Aalborg University, 9220 Aalborg, Denmark (e-mail: {xzh, joz}@et.aau.dk).  
Color versions of one or more of the figures in this paper are available online 
at http://ieeexplore.ieee.org. 
Digital Object Identifier ******/TSG.******* 
NOMENCLATURE 
Abbreviations 
MG Microgrid. 
LBC Low band-width communication. 
BPF Band-pass filter. 
HIL Hardware-in-the-loop. 
DG Distributed generation. 
RES Renewable energy resource. 
PCC Point of common coupling. 
MAS Multi-agent system. 
PI Proportional integral. 
PR Proportional resonant. 
LPF Low-pass filter. 
SW Switch. 
Variables 
ild, ilq Inverter currents in dq-axis. 
iod, ioq Output currents in dq-axis. 
iline Line currents in dq-axis. 
iload Load currents in dq-axis. 
vod, voq Actual output voltages of inverters in dq-axis. 
p, q Instantaneous active and reactive powers. 
P, Q Measured averaged active and reactive powers through a low-pass filter.  
vd, vq 
Output voltages of power controllers in dq-
axis. 
Δ Small deviation of the state variable. 
Parameters 
ωc Cut-off frequency of the LPF. 
ω*, v* Rated angular frequency and voltage amplitude in droop controllers. 
ω* MG, v* MG 
Rated angular frequency and voltage amplitude
in secondary controllers. 
ω, v Angular frequency and voltage amplitude of theislanded microgrid. 
ωsec, vsec 
Compensation of the angular frequency and
voltage amplitude from secondary controllers. 
kpω, kiω Parameters of the frequency restoration control. 
kpE, kiE Parameters of the voltage restoration control. 
mp, nq Frequency and voltage droop coefficients. 
kp, kq Parameters of washout filter-based controller. 
ω0 Fundamental frequency. 
Lline, rline DG feeder inductance and resistance. 
Lf, rLf 
Lc, rLc 
Filters inductance and resistance.
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Lload, rload Load inductance and resistance. 
Cf Filter capacitance. 
τ Response time.  
τd LBC delay.  
rN Virtual resistance. 
kpv, kiv Parameters of the voltage controller. 
kpc, kic Parameters of the current controller. 
I. INTRODUCTION 
ISTRIBUTED generation (DG) using renewable energy 
resource (RES), including fuel cells, solar power plants 
and wind turbines, is attracting more and more attention for its 
capability to meet the increased demand for electricity to reduce 
pollution, decrease power transmission losses and improve the 
local utilization of RESs [1-3]. However, the voltage deviations, 
inverse power flow, and voltage fluctuations caused by the high 
penetration level of the DG systems are causing serious power 
quality problems, which affects the stable operation of the 
electric power systems [4-6]. To solve these problems and 
coordinate different types of DG units effectively using local 
power management systems, the concept of the microgrid (MG) 
as a promising approach has been widely accepted [7-9]. 
Compared to the conventional distributed power generation 
systems, a microgrid has enhanced control flexibilities to fulfill 
system reliability and power quality requirements, which can 
operate in either grid-connected or islanded mode [3-7]. When 
MG operates in the case of grid-connected mode, where the 
upstream grid participates in supplying the demand of the load, 
it should be able to regulate the output currents, improve the 
dynamic response of the grid and achieve accurate power flow 
regulation at the point of common coupling (PCC) [10], [11].  
In an islanded MG, it is crucial to achieve accurate power 
sharing while maintaining stable regulation of the MG voltage 
magnitude and frequency [12]. In the existing literatures, the 
droop control methods are widely adopted for a large/medium 
system, which mimics the behavior of a synchronous generator 
with no need of critical communication, to achieve the power 
sharing requirement eliminating an external high bandwidth 
communication links among the DG units [13]. Since the 
frequency is a global variable, the active power can be properly 
shared using the droop control, but the frequency and voltage 
amplitude deviations are inevitable in the steady-state 
conditions [14-17]. Moreover, the dynamic stability of the 
active power sharing controller is poor and the accuracy of 
power sharing is sensitive to the feeder impedance [18], [19].    
In order to deal with the above problems in the islanded 
microgrid, a number of improved control methods have been 
proposed, which can be divided into improved droop control 
[20-25] and improved secondary control methods [26-34]. An 
improved virtual power-based control method with a unified 
rotation angle in the power transformation has been presented 
in [20], which can effectively realize power decoupling and 
then ensure system stability. However, since the voltage and 
current control loops, filters and loads are not considered in the 
small-signal model of the presented control strategy, the 
analysis of stability of the system is incomplete. A fuzzy logic-
based improved droop control method is presented to balance 
the state of charge of DG energy storage systems [21]. However, 
the disturbance of the feeders and loads are not considered. An 
improved droop control method was proposed in [22] to share 
the DG currents and restore the bus voltage simultaneously 
without a centralized secondary controller. However, the 
communication lines are needed in this control strategy and the 
communication delay cannot be ignored. In [23], a fuzzy 
approach for intelligent model based droop control has been 
established to regulate the MG frequency and voltage amplitude 
simultaneously. However, it makes the control structure more 
complicated, and the influence of the unequal feeder impedance 
was not taken into account. In order to improve the dynamic 
performance of the MG, many literatures [24], [25] have 
presented a similar improved control method, which introduces 
derivative control into the droop controller. However, the 
derivative control may make the parallel DG system unstable, 
especially when the DG unit is under no-load conditions. 
In addition, a distributed/centralized secondary control [26], 
[27] as the main trend methods, is used to restore the voltage 
amplitude and frequency to the rated values. A consensus-based 
secondary control strategy is presented in [28] to achieve 
accurate active power sharing in islanded MG with sparse 
communication lines. In [29], a two-layer cooperative control 
strategy is presented to simultaneously control both the 
voltage/frequency as well as the active/reactive power flows, 
where only own and neighbors’ information of each DG unit 
are required. The improved secondary control strategies, such 
as the algorithms based on graph theory, predictive control and 
multi-agent system (MAS)-based control methods, are 
presented to enhance the dynamic stability and accuracy of the 
power sharing under changeable environmental conditions [30-
32]. However, the low band-width communication (LBC) lines 
are inevitable to be utilized in these improved secondary control 
methods, and the output correction signals sent to the primary 
control are always accompanied by time delay and the control 
signals might be different from the theoretical analysis, which 
degrades the performance of the microgrid. 
In [33], a gain scheduler method is utilized to decrease the 
influence on low bandwidth communication delay. In [34], a 
model predictive and a smith predictor-based controllers are 
presented to minimize the influence brought by the LBC lines 
in the secondary control. However, coefficients of controllers 
in these literatures are difficult to be obtained. Compared with 
the existing secondary control methods, a washout filter-based 
control method was presented without LBC lines and additional 
control loops [35]. However, the stability and dynamic behavior 
of the MG are not studied, and only simulation results are 
provided, which needs to be further analyzed. 
In this paper, the equivalence between secondary control and 
washout filter-based control strategy are demonstrated, and the 
generalized washout filter-based power sharing scheme can be 
derived. Additionally, the physical meaning of parameters of 
the secondary controllers is discussed, emphasizing that the 
proportional and integral (PI) coefficients of the secondary 
controller are utilized to constitute a band-pass filter (BPF). 
Furthermore, a complete small-signal model of the generalized 
washout filter-based control method, considering the power 
D 
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stages, voltage and current controllers, LCL filters, feeder and 
load impedances, is proposed to design the control parameters 
of the calculated equivalent control model, and analyze the 
stability of the system. The feasibility and effectiveness of the 
proposed approach is validated by the hardware-in-the-loop 
(HIL) results obtained from the three parallel DG units-based 
islanded microgrid under unequal feeder impedance and 
load/DG disturbance conditions using the dSPACE 1006 
control platform. Moreover, a down-scaled hardware prototype 
of islanded microgrid using two parallel-connected three-phase 
inverters is built and the experimental results are presented for 
verification. And the future research trends for the hierarchical 
controlled islanded microgrid is also discussed. The main 
contributions of this paper are summarized as follows. 
1)  The equivalence between secondary control and washout 
filter-based control method is verified in this paper, and 
the generalized washout filter - based power sharing 
strategy is derived to improve the dynamic stability of the 
islanded microgrid system. Moreover, the physical 
meaning of control parameters of secondary controllers 
is also discussed. 
2) A complete small-signal model of the generalized washout 
filter-based control scheme is proposed to analyze the 
stability of the islanded MG system, and parameter 
design guidelines have been presented for the generalized 
washout filter-based control method, which can be also 
applied to the secondary and washout filter-based control 
methods.    
3)  The frequency and voltage amplitude can be restored to 
the rated values without any LBC lines. Moreover, 
compared with the existing control method, the 
maximum fluctuations of MG frequency and voltage 
amplitude are significantly decreased under disturbance 
conditions of DG units, load and feeder impedances.  
4) Extensive HIL and experimental results validate the 
effectiveness and flexibility provided by the generalized 
washout filter-based control scheme. Moreover, the 
future research trends are summarized, and the proposed 
approach provides a new direction to study the possible 
equivalence in multiple microgrids clusters, in order to 
increase the robustness of the hierarchical controlled 
microgrids under LBC delays. 
The rest of this paper is organized as follows. In Section II, 
the review of the secondary and washout filter-based control 
methods are presented. In Section III, the equivalence between 
the secondary control and washout filter-based methods are 
presented, and the generalized washout filter-based control 
scheme can be obtained. The detailed small-signal model of the 
generalized washout filter-based power sharing method is 
established to design the parameters in the derived control 
method and the stability of the islanded MG system is analyzed 
in Section IV. The HIL test results of the three DG-based 
islanded MG system are provided to verify the feasibility of the 
presented method in Section V. In Section VI, the test results 
from a down-scaled hardware prototype of islanded microgrid 
is presented, which verifies the correctness and effectiveness of 
the obtained equivalent control model. Section VII summarize 
the future research trends in hierarchical controlled microgrids. 
Finally, the concluding remarks are given in Section VIII. 
II. REVIEW OF SECONDARY AND WASHOUT                           
FILTER-BASED CONTROL STRATEGIES 
In an islanded microgrid, a secondary control performs the 
function to eliminate the frequency and voltage deviations 
caused by the droop control algorithm, and maintain the 
stability of voltage and frequency of microgrid simultaneously 
[26], [27]. Additionally, to eliminate the impact of time delay 
caused by LBC lines in secondary controllers, a washout filter-
based power sharing strategy without any communication link 
has been presented in [35].  
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Fig. 1. Block diagram of the complete microgrid system including the secondary control or the washout filter-based control schemes. 
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Fig. 1 shows a power stage of a DG unit with secondary or 
washout filter-based controller for the interface inverter in an 
islanded mode. As depicted in Fig. 1, each DG unit can be 
connected to a predefined load or to the common bus directly, 
which can be considered as a subsystem of the MG. A brief 
description of secondary control and washout filter-based 
control strategy for the MG are outlined as follows [26-35].  
A. The Secondary Control for Microgrids 
In islanded MG, the foundation of control loops of each DG 
unit must be established to stabilize the network and achieve a 
good power sharing among the DG units [27]. Therefore, the 
classical (P/f, Q/V) droop control scheme in large systems (high 
voltage) and medium systems (medium voltage) is introduced, 
which can be defined as [36]:  
*
*
p
q
m P
v v n Q
ω ω⎧ = −⎪
⎨ = −⎪⎩
                                 (1) 
where ω and v represent the frequency and amplitude of the 
output voltage. ω* and v* are the rated angular frequency and 
voltage, respectively. P and Q are the measured average active 
and reactive powers through a low-pass filter, and mp and nq are 
the frequency and amplitude droop coefficients, respectively. 
The droop controller is responsible for adjusting the 
frequency and the amplitude of the voltage reference according 
to the active and reactive powers (P and Q) [26], and to achieve 
the active power sharing among multiple DG units. However, 
the deviations of the frequency and voltage amplitude are 
inevitable, and the dynamic stability of the active power sharing 
is poor with the disturbances of loads and feeder dynamics [26-
34]. Therefore, in order to solve the problems caused by the 
conventional droop control, a secondary control can be used to 
eliminate the frequency and voltage deviations, and improve the 
stability of the MG [37], [38].  
Fig. 1 depicts the details of a secondary control structure, 
which is realized by using low bandwidth communication (LBC) 
among the multiple DG units. The secondary control consists 
of a proportional–integral (PI) controller, and the frequency and 
amplitude restoration compensators can be derived as [27]: 
( ) ( )
( ) ( )
* *
sec
* *
sec
p MG i MG
pE MG iE MG
k k dt
v k v v k v v dt
ω ωω ω ω ω ω⎧ = − + −⎪
⎨
= − + −⎪⎩
∫
∫             
(2) 
where kpω, kiω, kpE and kiE are the control parameters of the PI 
compensator of the frequency and voltage restoration control, 
respectively. The errors between measured angular frequency 
(ω) and reference angular frequency (ω∗ MG) are processed by the 
PI compensator and then sent the control signal ωsec to all the 
DG units to restore the frequency of MG to the rated value. The 
control signal vsec is also sent to primary control level to remove 
the voltage difference brought by the droop controller. 
Notably, the centralized secondary control architecture 
requires each DG unit to communicate with a central controller, 
or requires all DGs to communicate with all others directly [26], 
[27]. Therefore, a MG will be unstable when the output 
frequency and voltage amplitude correction signals sent to 
primary control are different to the theoretical values, due to the 
low band-width communication (LBC) delays and data drop in 
the communication lines. Therefore, the secondary control for 
active power sharing should be further improved to get an 
accurate and robust active power sharing for the MGs, and 
decrease the impact of the LBC delays and data drop. 
B. Washout Filter-based Power Sharing Strategy for Islanded 
Microgrids  
To eliminate the impact of time delay caused by the LBC lines 
and restore the frequency and voltage amplitude to the rated 
values simultaneously, a washout filter-based power sharing 
has been presented in [35] without any communication links 
and additional control loops as follows: 
( )
( )
* *
* *
= p
p
q
q
m s
P P
s k
n s
v v Q Q
s k
ω ω⎧ − −⎪ +⎪
⎨
⎪ = − −⎪ +⎩
                            (3) 
where kp and kq are the control parameters of the washout filter. 
By using the control strategy as indicated in (3), voltage and 
frequency deviations can be prevented without the need for the 
secondary level control and extra controllers, where the droop 
coefficients are replaced by washout filters. 
Notice that the washout filter-based control strategy is an 
equivalent secondary controller, which will be analyzed in next 
section. Moreover, the physical meaning of parameters of the 
secondary controllers will also be discussed in Section 
III.Equivalence Between secondary and Washout Filter-based 
controllers  
Usually, frequency and voltage deviations from the nominal 
values due to the droop algorithm can be compensated by a 
secondary control [26-34]. Referring to Fig. 1, the output 
voltage amplitude and frequency of the droop controller can be 
obtained as: 
* *
sec
* *
sec
( ( ) )
( ( ) )
p LPF
P
q LPF
Q
m p G s P
v v n q G s Q v
ω ω ω⎧ = − ⋅ − +
⎪⎪
⎨ = − ⋅ − +⎪
⎪⎩
             (4) 
where p and q are instantaneous active and reactive powers, 
respectively. In the secondary voltage amplitude control loop, 
vsec can be obtained as: 
*
sec ,sec
* * *
sec
,sec
( ) ( ) ( )
      ( ( ( ( ) ) ))
         ( ) ( )
MG v d
MG q LPF
v d
v v v G s G s
v v n q G s Q v
G s G s
= − ⋅ ⋅
= − − ⋅ − +
⋅ ⋅
          (5) 
where Gd(s) is the transfer function of unknown LBC delay. The 
transfer function GLPF(s), Gv,sec(s) and Gω,sec(s) are defined as 
follows: 
,sec
,sec
( )
( )
( )
iE
v pE
i
p
c
LPF
c
kG s k
s
kG s k
s
G s
s
ω
ω ω
ω
ω
⎧
= +⎪
⎪
⎪ = +⎨
⎪
⎪
=⎪ +⎩
                             (6) 
where ωc is the cut-off frequency of the low-pass filter (LPF). 
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Moreover, the LBC delay is uncertain in the secondary 
controlled islanded microgrid, which may affect the stability of 
the system. Under ideal circumstances, the transfer function of 
LBC delay Gd(s) is considered to be unity. The reference 
voltage of the microgrid v* MG is set to be v* and the reference 
angular frequency of MG ω * MG  is set to be ω*. Besides, the 
reference powers P* and Q* are set to be zero for islanded 
microgrid [39], [40]. 
Therefore, (5) can be simplified as: 
*
sec
,sec
( ( ) )
1 1
q
LPF
v
n
v Q G s Q
G
= ⋅ −
+
                (7) 
Combining (4) and (7), the output voltage can be obtained as: 
* * *
,sec
( ( ) ) ( ( ) )
1 1
q
q LPF LPF
v
n
v v n Q G s Q Q G s Q
G
= − ⋅ − + ⋅ −
+
 
              (8) 
Besides, the angular frequency can be derived as: 
              (9) 
Therefore, from (8) and (9), a generalized washout filter-
based power sharing strategy can be obtained. Note that a 
washout filter-based control strategy can be achieved when the 
conditions kpω=kpE=0, kiω=kp, and kiE=kq are satisfied. Moreover, 
it can be concluded that the washout filter-based power sharing 
strategy is intrinsically an ideal secondary control without 
communication delay. 
As can be seen in (8) and (9), cut-off frequencies ωhE and ωhω 
of high-pass filter (HPF) are constituted by the proportional and 
integral coefficients of the secondary controller, where ωhE and 
ωhω are defined as:  
,  
1 1
iE i
hE h
pE p
k k
k k
ω
ω
ω
ω ω= =
+ +
                     (10) 
From (2), (3), (8), (9) and (10), it can be observed that a 
generalized washout filter-based power sharing strategy are 
formed by band-pass filter (BPF), realized by cascading LPF 
and HPF. Therefore, the parameters of washout-based control 
method are mainly affected by the cut-off frequencies of BPF. 
The frequency characteristics of a BPF in the washout filter-
based controlled islanded MG can be shown in Fig. 2, where 
fhigh and flow represent the cut-off frequency of the high-pass and 
low-pass filter, respectively, and fcenter is the center frequency of 
the BPF. 
dB
f
lowfcenterfhighf
0
3−
Bandwidth
0
 
Fig. 2.The frequency characteristics of a BPF in the secondary controlled 
islanded MG. 
 
The cut-off frequency is defined as the frequency when the 
power of a signal is at its -3 dB attenuation point [41], [42]. In 
this way, a good performance of secondary control can be 
ensured, when the cut-off frequency of the high-pass filter 
satisfies the following conditions:  
,  
1 1
iE i
c c
pE p
k k
k k
ω
ω
ω ω< <
+ +
                      (11) 
Equation (11) gives a restrictive condition to design the 
parameters in a washout filter-based or secondary control 
strategies. Moreover, the physical meaning of parameters of 
secondary controllers is used to form a BPF, which has not been 
discussed in the existing literatures. If an islanded MG system 
with the secondary controllers does not satisfy the conditions 
imposed by the cut-off frequency restraint as represented by 
(11), the power signals p and q passing through ill-conditioned 
BPFs will be augmented and oscillating. In other words, droop 
control may be ineffective, and the dynamic stability of the 
whole system cannot be guaranteed. Moreover, the stability of 
islanded MGs with generalized washout filter-based approach, 
and the parameters design guidelines of this equivalent control 
model will be analyzed in next section.  
III. SMALL-SIGNAL MODEL FOR THE GENERALIZED WASHOUT            
FILTER-BASED CONTROL METHOD  
This section presents the small-signal model of the 
generalized washout filter-based power sharing strategy for the 
islanded microgrid, emphasizing the design of the control 
parameters, and the stability analysis of the MG.  
A. Power Controller Loops 
The linearized small-signal models of the active and reactive 
power controllers can be written as [43]: 
( )
 ( )
c c od od oq oq od od oq oq
c c oq od od oq oq od od oq
P P i v i v v i v i
Q Q i v i v v i v i
ω ω
ω ω
⎧ Δ = − Δ + Δ + Δ + Δ + Δ⎪
⎨ Δ = − Δ + − Δ + Δ + Δ − Δ⎪⎩
(12) 
where “Δ” is the small signal perturbation. 
By linearizing (8) and (9), the small signal dynamics of the 
generalized washout filter-based control equations can be 
obtained as: 
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1 1
1 1
pi
p p
pi
p p
mk P
k k
mkv v Q
k k
ω
ω ω
ω
ω ω
ω ω
⎧
Δ = − Δ − Δ⎪ + +⎪
⎨
⎪ Δ = − Δ − Δ⎪ + +⎩
                  (13) 
Besides, voltage phase angle and amplitude expressions in 
the d-q coordinate system are denoted as [44-46]: 
arctan d
q
v
v
δ
⎛ ⎞
= ⎜ ⎟⎜ ⎟⎝ ⎠
, 2 2d qv v v= +                   (14) 
where vd and vq are the projection of the output voltage v of 
power controllers on two perpendicular rotating d and q axes, 
respectively, and the phase angle δ between v and vd is 
represented by The following equation can be obtained [44-46]: 
2 2 2 2
2 2 2 2
2 2 2 2
q d
d q
d q d q
qd
d q
d q d q
qd
d q
d q d q
v vv v
v v v v
vvv v v
v v v v
vvv v v
v v v v
δ
⎧
⎪ Δ = − Δ + Δ⎪ + +
⎪
⎪⎪Δ = Δ + Δ⎨
+ +⎪
⎪
⎪Δ = Δ + Δ⎪ + +⎪⎩
                 (15) 
By using Δω(s)=sΔδ(s), and combining (12), (13) and (15), 
the small-signal model of power stage of each DG inverter can 
be obtained as: 
[ ]5 5
d d
q q
P P
Q Q
v v
v v
ω ω
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⎢ ⎥ ⎢ ⎥Δ Δ⎣ ⎦ ⎣ ⎦
BPFT                            (16) 
where the complete matrix TBPF is given in Appendix A.  
B. Equations of Voltage and Current Controllers and LCL 
Filters  
The output reference current and the linearized small-signal 
state-space form of the voltage controller, where the standard 
PI controllers are used, are represented by (17) and (18), 
respectively [43]:  
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where the complete matrix CV, DV1, DV2 and BV2 are given in 
Appendix A. BV1 is a second-order identity matrix and 0V is a 
second-order zero matrix. The state variables i∗ ld, i∗ lq and ild, ilq are 
the dq-axis commanded filter inductor currents and inverter 
currents, respectively. The state variables vod, voq and iod, ioq are 
the dq-axis actual output voltages and currents of inverters, 
respectively. ϕd and ϕq are introduced to establish the small-
signal model of the voltage controller.   
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The output reference voltage and the linearized small-signal 
state-space form of PI current controller are achieved by (19) 
and (20), respectively [47], where the complete matrix CC, DC1, 
DC2 and BC2 are presented in Appendix A. BC1 is a second-order 
identity matrix and 0C is a second-order zero matrix. The state 
variables v∗ id and v∗ iq are the dq-axis commanded voltages. γd and 
γq are used for making convenience to establish the small-signal 
model of the current controller. 
Besides, the small-signal model of the output LCL filter can 
be represented with the following state equations [48]: 
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A B
B B
                (21) 
where the complete matrix ALCL, BLCL1, BLCL2 and BLCL3 are 
given in Appendix A. The state variables v bd and v bq are the dq-
axis voltages at the point of common coupling (PCC). 
C. Equations for the Distribution Lines and Loads   
The generic RL loads of the MG system are chosen in this 
paper, and the state equations of the RL load connected at PCC 
are depicted by (22) as [49].  
The state variable iloadD, iloadQ are the dq-axis load currents at 
the PCC. rload and Lload are the load resistance and inductance, 
respectively. 
Besides, the resistance and inductance of the distribution line 
connected between the ith DG unit (DGi) and the jth DG unit 
(DGj) are represented as follows [47-50]: 
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 (23) 
where the state variables ilineDij and ilineQij are the dq-axis line 
currents between the ith and jth bus. rline and Lline are the 
resistance and inductance of distribution lines, respectively. 
Moreover, the virtual resistor is assumed to be connected at 
the inverter bus and the following equation can be obtained by 
using Kirchhoff’s Voltage Law (KVL) [49], [50]. 
( )
( )
bD N oD loadD lineDij
bQ N oQ loadQ lineQij
v r i i i
v r i i i
⎧ = − +⎪
⎨
= − +⎪⎩
                     (24) 
where rN is the virtual resistor connected at the ith bus, which is 
used to increase the dynamic stability of the system and make 
convenience to establish the small-signal model of the system. 
D. Reference Frame Transformation 
Note that each DG operates in its own local reference frame. 
Therefore, the individual reference frame of a DG needs to be 
taken as a common reference frame and the rest of all DG units  
including network and loads are transformed onto this reference 
frame as defined in (25) and (26) [51], [52]:  
cos sin
sin cos
D d
Q qglobal local
x x
x x
θ θ
θ θ
⎡ ⎤ ⎡ ⎤⎡ ⎤
=⎢ ⎥ ⎢ ⎥⎢ ⎥−⎣ ⎦⎣ ⎦ ⎣ ⎦
                (25) 
cos sin
sin cos
d D
q Qlocal global
x x
x x
θ θ
θ θ
−⎡ ⎤ ⎡ ⎤⎡ ⎤
=⎢ ⎥ ⎢ ⎥⎢ ⎥
⎣ ⎦⎣ ⎦ ⎣ ⎦
                (26) 
where the state variables xd, xq and xD, xQ are the dq-axis local 
and global variables, respectively.  
E. Linearized Model of the Complete MG System 
From the above analysis, it can be deduced that each DG 
contains 17 states and each model of line connected between 
two DG units contains two states. A total number of 36 state 
variables contained in an islanded MG system considering two 
parallel DG units is taken as an example: 
[ ]1 1,2 2  
T
⎡ ⎤ ⎡ ⎤Δ = Δ Δ Δ = Δ⎣ ⎦ ⎣ ⎦ sysX X X X A X              (27) 
where 1ΔX , 1,2ΔX and 2ΔX are represented by (28), (29) and (30), 
respectively:  
1 1 1 1 1 1 1 1 1 1
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1 1 1 1 1 1 1 1
[         
              ]
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P Q
i i v v i i
v
i i
vω φ φ γ γ⎡ ⎤Δ = Δ Δ Δ Δ Δ Δ Δ Δ Δ⎣ ⎦
Δ Δ Δ Δ Δ Δ Δ Δ
X
   (28) 
T
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2 2 2 2 2 2 2 2 2 2
T
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[         
              ]
d q d q d q
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P Q
i i v v i i
v
i i
vω φ φ γ γ⎡ ⎤Δ = Δ Δ Δ Δ Δ Δ Δ Δ Δ⎣ ⎦
Δ Δ Δ Δ Δ Δ Δ Δ
X
 (30) 
Fig. 3 shows a sparsity pattern of Asys, where seven regions 
are depicted in the matrix diagram and the nonzero elements are 
distributed across the diagonal of the matrix. Moreover, regions 
1, 2 and 3 are formed by DG1, while regions 5, 6 and 7 are 
formed by DG2. And region 4 is formed by the distribution line 
between DG1 and DG2. Region 1 and 5 are formed based on 
(16), (18) and (20), which contain power stages, and the voltage 
and current control loops. Besides, the angular frequency of 
DG1 is set as the reference angular frequency for the DG2. 
Region 2 and 6 are formed by using (21), which contains LCL 
filters of each DG unit. Region 3 and 7 are formed by the loads, 
and virtual resistors are depicted in region 4. Therefore, a new 
sparsity state matrix diagram can be obtained, where additional 
patterns identical to those in regions 1, 2, 3 and 4 are located on 
the diagonal of the matrix following the sparsity pattern of DG2, 
when other DG units are added to the MG system.  
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Fig. 3. Sparsity pattern of the state matrix Asys. 
 
F. Modeling Results and Small-Signal Stability Analysis 
A complete model of the test system was established by a 
sparsity state matrix Asys presented in (27), and the complete 
eigenvalues of the system can be calculated, by using the initial 
conditions of the system in Table I.  
Fig. 4 shows the eigenvalues of the MG system distributed in 
a large range of frequency scale, which can be divided into three 
different clusters due to the time-scale separation among the 
different control loops. The cluster “3” appeared in high-
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frequency modes are sensitive to the distribution of the state 
variables of LCL filters and the impedance of feeders, while the 
medium-frequency modes in cluster “2” are affected by the 
inner control loops. Moreover, it can be observed that the low-
frequency modes shown in cluster “1” are sensitive to the state 
variables (elements in matrix TBPF) of the generalized washout 
filter-based power controller, which is crucial for analyzing the 
stability of the microgrid system. 
Fig. 5 shows a method for the selection of the parameter kiE 
of the generalized washout filter-based power controllers. The 
eigenvalue loci of cluster “1” and “2” (the real component is 
greater than -400) of state matrix Asys change along with the 
increasing of ωhE (where ωhE=kiE/(kpE+1) ) when the kpE=0.001 
and other parameters are chosen as the initial conditions.  
From Fig. 5, it can be observed that a pair of dominant 
eigenvalues in cluster 1 and 2 will go across the imaginary axis, 
which indicates that the system loses stability according to the 
first Lyapunov’s theorem [49]. Therefore, the cut-off frequency 
ωhE of the high-pass filter in (10) should be limited and then the 
corresponding parameter kiE=0.6 can be determined. In addition, 
other unknown parameters can be easily designed using the 
similar approach by varying the parameter of controllers while 
keeping other parameters fixed. 
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Fig.5. Root locus diagram of parallel DG-based microgrid system with the 
change of ωhE. 
 
TABLE I 
INITIAL CONDITIONS AND SYSTEM PARAMETERS 
Initial Conditions and System 
Parameters Values 
LCL filter Lf= Lc=1.8 mH and Cf=25 µF rLf=0.1Ω and rLc=0.01Ω 
DC link voltage 650 V 
Switching frequency 10kHz 
DG feeder 
Feeder 1 inductance and resistance 
Lline1=2.2mH rline1=0.2Ω 
Feeder 2 inductance and resistance 
Lline2=0.8mH rline2=0.1Ω 
Output Voltage DG1: 325.26V  DG2: 325.26V DG3:325.26V 
PCC Voltage DG1: 322.79V  DG2: 322.79V DG3:322.79V 
Voltage and Current Control 
Parameters Values 
kpv, kiv 0.175, 200 
kpc, kic   1.8, 131  
Power Control Parameters Values 
kpω, kiω 0.005, 4  
kpE, ωc 0.001, 10π 
mp, nq 10e-4, 10e-4 
kp, kq 2, 2 
Load Parameters Values 
DG load 
Loads inductance and resistance 
Lload1=Lload2=Lload3=720 mH  
rload1= rload2=rload3=5Ω 
IV. HARDWARE-IN-THE-LOOP RESULTS 
The conventional droop control method, secondary control 
considering LBC delay, the washout filter-based strategy and 
generalized washout filter-based power sharing scheme are 
implemented on an islanded MG consists of three parallel DG 
units, as shown in Fig. 6, in order to confirm equivalence 
between secondary control and washout filter-based control 
strategies. 
In Fig. 6, the MG system operates on the unequal feeder 
impedance and resistive-inductive load conditions. Besides, the 
different load and feeder impedance conditions are controlled 
by the switch (SW) 1, 2, 3 and 4. Each DG unit is connected to 
an LCL filter to eliminate the PWM switching harmonics, and 
disturbances of DG units, load and feeder impedances are tested 
to investigate the performance of the active power sharing, 
frequency and voltage regulation of the different control 
strategies. The complete parameters of the test system are given 
in Table I. The conventional droop controller and secondary 
control are compared with the generalized washout filter-based 
control scheme, which are implemented in Matlab/ Simulink, 
with measurements recorded through a dSPACE 1006 based 
real-time digital simulator in this section. 
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Fig. 6.  Structure of the paralleled-connected DG units in an islanded MG. 
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A. Performance of the Conventional Droop Controller 
In Fig. 7, the active power, frequency and voltage amplitude 
from each inverter operating under a conventional droop 
control scheme are shown.  
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Fig. 7. Dynamic response of the islanded microgrid for the conventional droop 
control under load disturbance conditions. a) active power of each DG unit. b) 
output voltage of each DG unit. c) frequency of the microgrid. 
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Fig. 8. Dynamic response of the islanded microgrid for the conventional droop 
control under feeder disturbance conditions. a) active power of each DG unit. 
b) output voltage of each DG unit. c) frequency of the microgrid. 
 
Initially, the microgrid operates in the steady-state under no 
load condition. At t=1s, the load 1 is connected to the microgrid, 
and the droop mechanism ensures that the active power is 
shared among the inverters. However, the steady-state errors 
about 0.14 Hz in the frequency and 0.11 V in the voltage 
amplitude can be observed. At t=2s, all loads are connected to 
the microgrid, and the larger voltage and frequency deviations 
about 0.18V and 0.24 Hz, respectively, are caused by the droop 
control.  
Another drawback of the conventional droop control is that 
the dynamic stability of active power is poor, as shown in Fig.8. 
In this scenario, the SW3 is disconnected at t=1s and 
reconnected at t=3s, and only DG3 supply the energy to the load 
“3” during this time. When SW3 is reconnected, it can be 
observed that the active power, frequency and voltage 
amplitude differences of DG3 reach to 200%, 1% and 0.6% of 
nominal value, respectively. Therefore, the conventional droop 
control should be further improved to get an accurate and robust 
active power sharing for MGs. 
B. Performance of the Secondary Control Considering the 
LBC Delays and Communication Failure 
The performance of the secondary control strategy applied to 
a microgrid has been depicted in Fig. 9 and 10. As seen in Fig. 
9 and 10, the response time and LBC delay are represented by 
τ and τd, respectively. In secondary controlled microgrid, the 
LBC lines are utilized to send secondary control signals to the 
primary control level of each DG, in order to restore the 
frequency and voltage amplitude to the rated values.  
In Fig. 9, the secondary control is activated at t=1s, and the 
voltage and frequency deviation need a time delay to be 
eliminated, where the LBC delay τd=120 ms is considered. To 
create a realistic failure scenario, at t=3s, load 2 and 3 are 
connected but the LBC lines are deactivated. It is undesirable 
that the frequencies of each DG unit drop for 0.1 Hz in the 
steady-state. Moreover, the voltage differences of the DG1, DG2 
and DG3 drop for 0.135V, 0.149V and 0.175V in the steady-
state, respectively. 
Fig. 10 shows a scenario that the SW3 is connected at t=1s 
and disconnected at t=3s. Besides, the secondary control is 
activated at t=0.5s and τd=120 ms is considered in this situation. 
It can be observed that the active power, frequency and voltage 
amplitude fluctuation will occur, because the feeder disturbance 
and LBC delays exist simultaneously in the MG system.   
C. Performance of the Washout Filter-Based Control Method  
The dynamic response of the washout filter-based control for 
islanded microgrid system are shown in Figs. 11 and 12, where 
the conditions kp=2, kq=2 are satisfied. Initially, the microgrid 
operates in the steady-state under no load condition and the load 
1 is connected to the MG system at t=1s, as shown in Fig.11. 
Although transient errors about 0.524 Hz in the frequency and 
about 0.613V in the voltage amplitude can be obtained, the 
washout filter-based control strategy is able to eliminate the 
voltage and frequency deviations in about 1.59s. At t=3s, when 
the load 2 and 3 are connected to the MG system, the frequency 
and voltage can also be restored to the rated values within 1.5s. 
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Fig. 9. Dynamic response of the islanded microgrid for the secondary control 
considering LBC delay. a) active power of each DG unit. b) output voltage of 
each DG unit. c) frequency of the microgrid. 
 
Ac
tiv
e 
Po
w
er
(W
)
(a)
(b)
Vo
lta
ge
 
(V
)
Fr
eq
ue
nc
y 
 
(H
z) (c)
P3
P2P1
E3Secondary control activated 
E2
f3
f2 f1
0 2 4 6 8 10
325.25
325.26
325.27
0 2 4 6 8 10
49.95
50
50.05
Time (s)
Secondary
 control activated 
Normal operation SW3 Disconnection SW3 Reconnection
E1
Response  time
(τ=1 s)
Response  time
(τ=1 s)
τd=120 ms
τd=120 ms
τd=120 ms
 
Fig.10. Dynamic response of the islanded microgrid for the secondary control 
considering feeder disturbances and LBC delay. a) active power of each DG 
unit. b) output voltage of each DG unit. c) frequency of the microgrid.  
 
Fig. 12 shows the evaluation of dynamic stability of the 
islanded microgrid system under disturbance of feeders. In this 
scenario, the SW3 is disconnected at t=1s and reconnected at 
t=3s. It can be observed that the frequency and voltage can be 
recovered to the rated values within 1.25s. However, the 
voltage and frequency differences of the DG2 reach to 0.72V 
and 0.57 Hz, respectively, which are even larger than the 
deviations caused by the droop control. Therefore, the dynamic 
stability of the microgrid needs to be further improved, when 
simultaneously restoring the frequency and voltage amplitude 
while sharing active power.  
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Fig. 11. Dynamic response of the islanded microgrid for the washout filter 
power sharing strategy under load disturbance conditions. a) active power of 
each DG unit. b) output voltage of each DG unit. c) frequency of the microgrid. 
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Fig. 12. Dynamic response of the islanded microgrid for the washout filter-
based control under feeder disturbance conditions. a) active power of each DG 
unit. b) output voltage of each DG unit. c) frequency of the microgrid.  
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 Fig. 13. Dynamic response of the islanded microgrid for the generalized 
washout filter-based control under load disturbance conditions. a) active power 
of each DG unit. b) output voltage of each DG unit. c) frequency of the 
microgrid.  
D. Performance of the Generalized Washout Filter-based 
Control Strategy  
When the generalized washout filter-based control scheme is 
activated for each DG unit, the precise active power sharing can 
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Fig. 14. Dynamic response of the islanded microgrid for the generalized 
washout filter-based control under feeder disturbance conditions. a) active 
power of each DG unit. b) output voltage of each DG unit. c) frequency of the 
microgrid.  
 
be achieved in an islanded microgrid, as shown in Fig. 13(a). 
Moreover, the effect of unequal load impedances is considered, 
where inductance and resistance of load 1 are changed to 800 
mH and 7 Ω, respectively. The load 1 is connected at t=1s and 
the rest of loads are connected to the microgrid at t=2s. 
Compared with the conventional droop control, the dynamic 
stability of the active power is significantly enhanced in Fig. 
13(a). The same as the secondary control, frequency and 
voltage amplitude can be restored to the rated values in a short 
time (less than 0.68s). Moreover, compared with the washout 
filter-based and secondary control methods, there is only a 
small fluctuation in frequency and voltage amplitude less than 
0.8% and 0.012%, respectively, with the disturbance of load 
impedance as shown in Fig. 11.  
The effects of feeder and DG disturbances are shown in Fig. 
14, where the SW3 is disconnected at t=1s and reconnected at 
t=3s. Moreover, unequal load impedances, where inductance 
and resistance of load 1 are changed to 800 mH and 7 Ω, 
respectively, are also considered in this scenario. It can be seen 
that the performance of the active power sharing, frequency and 
voltage regulation of the MG system can be ensured, and the 
difference in the transient behavior is negligible in comparison 
to the cases in the conventional droop control depicted in Fig. 8 
and secondary control shown in Fig. 10. In addition, compared 
with the washout filter-based and secondary control methods, 
the maximum fluctuation of frequency and voltage amplitude 
less than 0.5% and 0.015%, respectively, with the disturbance 
of load impedance as shown in Fig. 14.  
Note that no communication line is needed in the generalized 
washout filter-based control scheme, which is immune to the 
communication delay and data drop-out. Although both the 
washout filter-based control and secondary control can restore 
the frequency and voltage amplitude to the rated values when 
sharing the active powers, the generalized washout filter-based 
power sharing strategy is more robust to the LBC delay, the 
load/feeder/DG disturbances, and parameter uncertainties. 
Moreover, the dynamic stability is improved and the fluctuation 
of frequency and voltage amplitude are decreased significantly, 
compared with the washout filter-based control method. 
V. EXPERIMENTAL RESULTS 
To evaluate the effectiveness of the generalized washout 
filter-based power sharing strategy, the experiments on a down- 
scaled parallel-connected three-phase inverters-based islanded 
microgrid was built, as shown in Fig. 15. In addition, the dc-
link voltages for each inverter is set as 15V, with 10Ω load 
connected through LCL filters, where Lf1=Lf2=4 mH and 
Lc1=Lc2=1.35 mH, and the capacitor Cf1=Cf2=2.5 µF. The 
experimental setup is controlled by a TMS320F28335 digital 
signal processor (DSP), and other controller parameters of the 
islanded MG system are consistent with the theoretical analysis. 
Fig.16 shows the experimental results under steady state 
operation of the generalized washout filter-based control 
scheme. As shown in Fig.16, output currents of DG1 and DG2 
in phase ‘a’ are represented by io1a and io2a, respectively, and the 
load current and voltage in phase ‘a’ are represented by iloada, 
vloada, respectively. Initially, the DG units are disconnected to 
the microgrid and currents and voltage are equal to zero. When 
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DG units are abruptly connected to the system, the occurrence 
of current overshoots can be prevented by the effective voltage 
and current controllers and power sharing strategy. Moreover, 
in the steady-state conditions, experimental results indicate that 
output currents are in phase with the output voltages of the two 
inverters, and both parallel inverters share current equally. This 
suggests that the active power sharing is realized by generalized 
washout filter-based control strategy. 
 
TMS320F28335 
Controller
Parallel-connected  
three-phase inverters 
Linear load
Scope
Power dc 
source
Personal 
Computer
Three-phase 
breaker 
 
Fig. 15. Experimental setup for the down-scaled prototype AC microgrid. 
 
DGs connection 
io2a
io1a
iloada
vloada
(5V/div)
(1A/div)
(1A/div)
(1A/div)
 
Fig. 16. Experimental waveforms of output currents of inverters, and output 
voltage and current of loads when DG units are connected to the microgrid.  
 
vloadcvloadbiloada vloada
FFT for load current 
(5V/div)(1A/div)
 
Fig. 17. Experimental waveforms of voltage and current of loads, and the FFT-
curve of the A-phase load current in islanded microgrid. 
Removing of loads
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Voltage recovering vo1a
vo2a
iloada
vloada (10V/div)
(0.25A/div)
(10V/div)
(10V/div)
 
Fig. 18. Experimental waveforms of output voltages of inverters, and output 
voltage and current of loads when loads are disconnected to the microgrid. 
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vo2a
iloada
vloada
(10V/div)
(10V/div)
(0.5A/div)
(10V/div)
 
Fig. 19. Experimental waveforms of output voltages of inverters, and output 
voltage and current of loads when loads are reconnected to the microgrid. 
 
The load voltage THD with the generalized washout filter-
based control is less than 5%, which is shown in Fig.17. The 
negligible output harmonic contents of voltage further validate 
the effective performance of the current controllers and power 
sharing strategy.  
Fig.18 and 19 show the steady-state and transient response of 
the generalized washout filter-based control scheme under the 
disturbance of loads. As shown in Fig.18, the voltage deviations 
are inevitable when the loads are disconnected to the microgrid 
system. However, the voltage can be restored to the rated values 
in a short time. Moreover, as depicted in Fig.19, the generalized 
washout filter-based control strategy can also eliminate the 
steady-state voltage deviations when the loads are reconnected. 
To conclude, the experimental results of the dynamic response 
of the voltage and current further verifies the effectiveness of 
the generalized washout filter-based control method. 
VI. FUTURE RESEARCH TRENDS 
In a modern smart grid, multiple microgrids clusters are 
required to further improve the reliability, economic benefits, 
and environmental friendliness of the system. Additionally, in 
the case of connecting the MG to the other MGs, the tertiary 
control strategies, the consensus-based distributed control 
algorithms, multi-agent system control, etc., are popular to be 
employed to control the power/current flow between them, 
fulfil the power quality requirements and enhance the robust 
and dynamic stability of MGs [28-32], [53-57]. However, the 
communication links are inevitable to be utilized to exchange 
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information among multiple DG units and microgrids.   
To overcome the shortcomings of the hierarchical controlled 
microgrid under communication delay, the promising future 
study directions are outlined as follows.  
A. The Tertiary Control for Microgrids 
Modern MGs can switch between the grid-connected and 
islanded modes, and the tertiary control is needed to ensure to 
inject the dispatched power to the main grid, as well as to deal 
with economic dispatching, operation scheduling, and power 
flow regulation between the MG and grid [53], [54].  
Note that the high band-width communication (HBC) links 
are required in the hierarchical control strategy, which decrease 
the reliability, robustness and dynamic stability of the system. 
Therefore, an equivalent tertiary control could be used to 
coordinate multiple microgrids, where the communication links 
can be reduced or eliminated, hence significantly reduce the 
cost and enhance the reliability and robustness of the system.   
B. The Consensus-based Control Strategy for Microgrids 
In consideration of the multiple DG units in microgrids, the 
conventional centralized control scheme faces new challenges, 
such as the requirement for more sophisticated control center, 
increased computational burden, and complex communication 
configuration, grid scalability, and etc. [28], [55]. Recently, the 
consensus-based distributed control scheme for networked 
systems has been introduced to address these challenges [28], 
[55], [56]. The general purpose of consensus algorithms is to 
allow a set of agents to reach an agreement on a quantity of 
interest by exchanging information through communication 
networks [56]. These kinds of agents are only required to 
communicate with their neighbors. As the foundation of the 
distributed control scheme, the communication network may 
not always be fully reliable, which could lead to serious security 
problems. Therefore, it's valuable to study the equivalent 
consensus algorithm to enhance the reliability and robustness 
of the hierarchical controlled microgrids under LBC delays. 
C. The Multi-Agent System in Microgrids 
Multi-agent system (MAS) is popularly used to exchange 
information among multiple agents by communication with 
their corresponding neighbors through some computer network 
infrastructure [32], [55]. Furthermore, the global information 
discovery algorithm is independent of the system configuration, 
thus it can be applied to the microgrid system of any structures, 
such as radial, mesh and mixed topologies [57]. Therefore, the 
microgrid can be coordinated in a decentralized way, and the 
effect on communication delay can be decreased significantly, 
when the proposed method is extended to analyze the possible 
equivalence among agents in the top and bottom layers.    
VII. CONCLUSION 
This paper reveals that there is an equivalence between a 
washout filter-based strategy and secondary control, and the 
physical meaning of parameters of secondary controllers is 
discussed, emphasizing that the proportional and integral 
coefficients of the secondary controller are used to form a band-
pass filter. In addition, a generalized washout filter-based 
power sharing strategy has been obtained to significantly 
improve the dynamic stability of the system, which can be 
considered as an enhanced washout filter-based method. 
Compared to the secondary control, the generalized washout-
filter based control method can eliminate the steady state errors 
in the output voltage amplitude and frequency due to the droop 
control without using LBC links. Compared to the existing 
washout filter-based control method, the generalized washout 
filter-based control shows the benefits of enhanced dynamic 
response under load and feeder disturbances and reduced over-
shoots in the output voltages under dynamic disturbances. 
A complete small-signal model of the generalized washout-
filter control scheme is proposed in this paper, which can be 
applied to design of control parameters of the equivalent control 
model and analyze the stability of the MG. The hardware-in-
the-loop (HIL) results of the conventional droop control, 
secondary control with LBC delay, washout filter-based 
method and generalized washout filter-based power sharing 
scheme are given under unequal feeder impedances and 
load/DG disturbance conditions to show the effectiveness of the 
theoretical findings.  
In addition, the experimental results further validate that the 
proposed approach are capable to restore the voltages to the 
rated values without any LBC line and extra control loop, which 
are more robust to the low bandwidth communication delay and 
load/DG disturbance. Finally, the promising directions for 
future research to improve the hierarchical control strategies 
considering communication delay are summarized.  
APPENDIX A 
The matrix TBPF of power stage is derived as (A.1), and the 
elements in matrix TBPF are depicted as (A.2) and (A.3):  
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The matrices CV, DV1, DV2 and BV2 in the inner voltage 
controller are derived as:  
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The matrices CC, DC1, DC2 and BC2 in the inner current 
controller are derived as:  
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The matrices ALCL, BLCL1, BLCL2 and BLCL3 in (20) are derived 
as (A.8) and (A.9). 
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